New techniques in molecular biology can be used to characterize genes whose expression is induced by drought stress. These techniques can be used to understand responses of range plants to environmental stresses at the biochemical and mokcuiar level. For example, they can be used to characterize genes that respond to drought stress conditions in the native shrub Atriplex canesctws (Pursh.) Nutt. Complementary DNA (cDNA) libraries constructed from drought-induced messenger RNA (poly A+ RNA) were used to characterize genes which are associated with the stress response. A cDNA library from A. cunescens was prepared. This library from stressed shrubs was differentially screened with radiolabeled cDNA probes from stressed and nonstressed shrubs, and apparent drought-induced clones were identified. This is the first report of molecular characterization of drought responsive genes in fourwing saltbush. The identification of genes specific to responses to drought stress could provide a basis for understanding drought tolerance in this important range species.
1970, Springfield 1970 , Blauer et al. 1976 , Smit and Jacobs 1978 , Shoop et al. 1985 . It also has been suggested as a biomass, energy feedstock plant in arid and semiarid regions Goodin 1985,1987) . Annual yields of 7,000 kg/ ha/ year have been reported in Utah (Van Epps et al. 1982 , Blauer et al. 1976 ) and 3,500,4,500, and 7,500 dry kg/ ha/ year have been reported in Texas with annual precipitation of 190,380, and 470 mm, respectively (Newton and Goodin 1985) . Atriplex species have been investigated extensively for revegetating disturbed rangelands (Plummer 1970; Aldon 1978 Aldon , 1984 and are known for their drought-tolerance qualities (Newton and Goodin 1989a) . The root system of A. canescens may be very deep (up to 6 or 7 m), highly branched, and capable of exploiting moisture from a large volume of soil (Goodin 1984) . A. canescens has a high water-use efficiency (Dwyer and Degrams 1970) and seedling transplants have attained 80% survival (Weisner and Johnson 1977) .
The genetic variability of Atriplex canescens has been studied thoroughly (Stutz and Sanderson 1979 , Goodin 1984 , Dunford 1984 . Within the distribution range, most populations are tetraploid, but some are diploid, hexaploid, and dodecaploid. Although the phenotypic plasticity within the species is quite great, most of it appears to be heritable (McArthur et al. 1983) . Stutz and Sanderson (1979) suggest that in the rapid, recent spread of the species throughout westernNorth America, polyploidy has played a major role in producing new species which have been effective colonizers. Diploids are found on the harsher sites with coarse sandy soils and sand dune areas, whereas tetraploids seem better adapted to the silty clay flood plains of rivers (Dunford 1984) . Ecotypic variation among fourwing saltbush populations has been documented (McArthur et al. 1983 , Potter et al. 1986 ) with ecotypes originating from harsh environments having a wider range of adaptation than those originating from more favorable environments (Van Epps 1975 , McArthur et al. 1983 , Petersen et al. 1987 .
Native-shrub species have evolved mechanisms to withstand temperature stress (Newton and Goodin 1989b) and chronic and acute periods of water deficits (Newton and Goodin 1989a) . Herbaceous plants have evolved similar mechanisms and responses to drought stress (Jones et al. 1981) and although many mechanisms of drought tolerance are expressed at the gross, anatomical level (e.g., extensive root system), several have cellular and metabolic components. Plants adapt to drought stress through response mechanisms such as osmotic adjustment (Newton et al. 1986a) , reduction in DNA content and enhanced tissue elasticity (CastroJimnez et al. 1989) , changes in metabolic pathways with the accumulation of compounds such as proline (Bhaskaran et al. 1985 , Newton et al. 1986b , appearance of new proteins (Valluri et ing proteins in Arabidopsis are induced by a variety of stresses (Braam and Davis 1990) . In all the above cases the specific genes are 'activated'by stress and produce more messenger RNA. For the majority of proteins in response to stress, a role in defense and/ or repair is yet to be determined. However, physiological changes such as stomata1 closure (Bilan et al. 1977) , root growth (Meyer and Boyer 1981, Creelman et al. 1990) , and stem thickening (Jaffe 1973) in response to stresses are well documented and the proteins responsible for mediating these alterations may be found among the stress-induced proteins.
As described above, many genes are expressed during the drought response through the synthesis of new messenger RNA (mRNA) molecules as shown in Figure 1 , and it is possible to obtain DNA clones which represent mRNAs induced by drought stress. To do this, mRNA is first isolated from plant tissues. DNA, copied from a specific template RNA through the action of several enzymes, is called complementary DNA (cDNA) (Gubler and Hoffman 1983) . The details of this procedure are shown in Figure  2 . Following the synthesis of the second strand, the cDNA is then ligated to another DNA fragment called the vector DNA, which provides for subsequent amplification of the cDNA fragments. The classes of vector DNA's that are usually used are: (1) plasmids: small circular DNA molecules present at high copy number in bacterial cells; and (2) bacteriophage: viruses which infect bacteria, producing hundreds of copies of their own DNA. A 'foreign' cDNA molecule inserted within the vector DNA is replicated as part of the vector DNA during the host's normal biological cycle.
In our experiments, we have employed a derivative of the bacteriophage lambda, XZAP, as our vector (Stratagene, Calii.). Foreign DNA up to 10 kilobases in size can be cloned into sites within the ADNA and is replicated as part of the bacteriophage genome. The cDNA synthesized from poly A+ RNA extracted from stressed saltbush tissues was ligated to h arms in vitro (Maniatis et al. 1982) . This reaction generates recombinant ADNA molecules, each bearing a different cDNA insert, which together represent all of the mRNA species in the tissues at the time of harvest. Such a representative collection of clones is termed a cDNA library. The ADNA is packaged into its normal phage head in vitro and used to infect the bacterium, Escherichia coli (Maniatis et al. 1982) .
Bacteriophage lambda (A) propagates by infecting E. coli and uses cell replication machinery to produce 100 to 200 copies of its own genome. The host bacterial cells are lyzed and the released virus particles may then infect surrounding cells. After overnight growth on agar plates, a 'lawn' of bacteria is punctuated by small areas of clearing, called plaques, each containing cell debris, bacteriophage lambda, and naked DNA which resulted from cell lysis. Each plaque stems from a single infection by a single bacteriophage, thus it contains multiple copies of a single (and different) cDNA molecule. By selecting a single plaque from the library, a gene of interest may be isolated. Subsequent propagation of the bacteria with this clone generates large quantities of the desired cDNA molecule.
In the absence of specific information about the genes and proteins activated under drought stress, genes of interest may still be selected by virtue of their changes in expression under this condition by the method of differential screening (Fig. 3) . Replicate nylon membrane lifts of plaques are treated so that the DNA is rendered single-stranded and binds to the membrane. Each membrane is then incubated with DNA probes from different sources. The probes are generated from messenger RNA isolated from tissues of nonstressed and stressed shrubs from which'first-strand' cDNA is synthesized. The cDNA copy is radiolabelled and used to probe the replicate lifts. Homology between the DNA on the membrane and the probe results in pairing of complementary strands attaching the radioactive probe to the membrane at the position where its homologue is situated. When the membrane is 456 exposed to X-ray film, a signal denotes this position. Those plaques which "light up" on both membranes represent genes which are -onn in both nonstressed and stressed tissue. Plaques which "light up" with the stress probe but not the nonstressed probe represent genes which are "on" in stressed and "off" in control shrubs, i.e., drought stress responsive genes. This process, as described in Figure 3 , leading to the identification of the responsive "on" gene is called differential screening.
The construction of a cDNA library from drought-stressed tissues and their subsequent differential screening indicates that clones corresponding to poly A+ RNAs (mRNAs) induced by stress can be identified. We here report the identification of drought-induced clones from a native-range species which has well-demonstrated drought-tolerance characteristics. The objectives were to: (1) prepare cDNA libraries from drought-stressed and nonstressed fourwing saltbush and (2) probe the libraries to identify, at the molecular level, those clones whose expression is unique to the drought-stress condition. Preliminary reports of this work have appeared (Funkhouser et al. 1989a , Cairney et al. 1990 ).
Materials and Methods

Plant Material
Seeds of Atriplex canescens were provided by investigators at the Rocky Mountain Forest and Range Experiment Station, Albuquerque, N.M. They were sown in flats containing sand fertilized with Hoagland solution (1950) Clones whose expression is appsretly unique to the drought-stress condition awe indicated by arrows, those whose expression is increased by drought-stress are indicated with circles. A clone whose expression is decreased by drought-stress is shown by a broken arrow.
Drought stress was induced by withholding irrigation from the soil. As the shrubs experienced the lowered water deficits, plant water potentials (a&) were determined with a pressure bomb (Scholander et al. 1964 ) using a branch from each of 3 to 4 shrubs. Branch & was measured at 4 different times over a period of I year.
Isolation of Total RNA
At the same time that @_ was determined, leaves from these same shrubs were collected for RNA extraction. Total RNA was isolated by grinding 10 g fresh leaves in liquid nitrogen following the phenol-extraction method of Stiekma et al. (1988) .
Synthesis and Analysis of cDNA
The method of synthesis ofcDNA was modified from the procedures of D. Andrews and W. Park at TAMU, Department of Biochemistry (per% comm.). Maintenance of sterile conditions was of prime importance and all solutions were sterilized by autoclaving or filtration according to procedures of Maniatis et al. (1982) . For first strand synthesis, cloned MLV (Murine leukemia virus) reverse transcriptase was used rather than the usual AMV (avian myeloblastosis virus) enzyme (Venna 1981) . Synthesis of the second strand was a modification (Gubler and Hoffman 1983) of the RNAse H/DNA polymerase I/DNA ligase protocol (Okayama and Berg 1982) . This method permits the cDNA's to be directionally cloned, with the Sst I and Xho I 'sticky ends'at the 5' and 3' ends, respectively (Fig. 2) .
Preparation of cDNA Library Double stranded cDNA was directionally cloned into the commercial bacteriophage h, hZAP from Stratagene (San Diego, Calif.). The vector was derived from AGTlO and contains the bluescript plasmid. The h ZAP vector also contains a 454 nt FI Ml3 phage intergenic region which allows plasmids to be rescued as single stranded DNA, and subsequently isolated as doubled stranded plasmids (Stratagene, San Diego, Calif.). Synthesis was accomplished with RNA from stressed shrubs.
Differential Screening of cDNA Libraries
Differential screening of cDNA libraries was used to determine if poly A+ RNA levels for some genes change in response to JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 drought stress. To do this, bacteria (E. coli strain XLI) were infected with the recombinant AZAP bacteriophage and grown on agar plates to give a density of about 400 plaques per plate. Replicate filters of the stressed cDNA library were obtained according to procedures of Mania& et al. (1982) , as modified by Andrew (Andrew 1990). Nytran filters (Schleicherand Scheull, NH) were placed on cooled plates for 30 seconds and then removed. Replicate lifts were then made by placing a second filter on the plate for 2 minutes. These time periods had been shown previously to give equal quantities of DNA binding to each filter. One duplicate filter was probed with cDNA generated from RNA from stressed (-0.94 MPa) shrubs and the other probed with cDNA from nonstressed (-0.41 MPa) shrubs. Those plaques displaying stronger hybridization to the stressed probe than those with the nonstressed probe were chosen for rescreening.
Synthesis of Probes
First strand cDNA was synthesized from poly A+ RNA purified from total RNA with hybond-mAP paper (Amersham). Labeled probes were generated by the random-primer method of Feinberg and Vogelstein (1983, 1984) .
Southern Analysis of Clones
To release cDNA inserts, plasmids (0.5 118) were cut with Pvull (Promega San Diego, Calif.), subjected to electrophoresis (1% Agarose) and transferred to a membrane (Nytran) by Southern blotting (Mania& et al. 1982) . The membrane was pre-hybridized with incubation at 42O C for 12 hours essentially as described by Maniatis et al. (1982) . Approximately 10' cpm of probe synthesized from poly A+ RNA from stressed and nonstressed tissue and radiolabelled by the random-primer method was added to the hybridization bag. Hybridization was for 16 hours at 42" C followed by washing with 2XSSC, 0.5% SDS at room temperature for 20min(twice); 0.2XSSC,OS%SCS 55' Cfor 10 min(once), 1 hour (once). The membrane was exposed to X-ray film for 5 hours. The nonstressed probe was removed from the membrane and was verified by exposing the membrane to X-ray fdm. Pre-hybridization was repeated for 3 hours before adding 10' cpm of the stressed probe. Hybridization was as described above.
Results and Discussion
Irrigation was withheld from the shrubs, and branches were harvested over several months for both $w measurement and RNA extraction.
Branch & is shown in Table 1 . Poly A+ RNA (mRNAs) was isolated from leaves of branches removed from shrubs with a mean water potential of -0.41, -0.62, -0.76, and -0.94 MPa. Through laborious trial and error, good mRNA preparationsfromsaltbushwerefinally obtained with proceduresmodifiedfrom othersand optimized in ourlaboratories (Funkhouseret al. 1989a , 1989b . Cairney et al. 1991 . The poly A+ RNA isolated from leaves of the moderately stressed shrubs with a mean branch & of -0.94 MPa was used to prepare the complementary DNA (cDNA) library.
In addition to innately expressed genes which also produce tolerance to drought, drought stress may induce changes in gene transcription, either activating formerly quiescent genes and/or elevating ordepressingthesynthesis ofmRNAfromspecificgenes, as shown in Figure 1 1986, 1988) . Therefore, the population of mRNA molecules in stressed (-0.94 MPa) and nonstressed (-0.41 MPa) shrubs should be qualitatively and quantitatively different. This fact can be demonstrated with the prcrzss of differential screening.
The cDNA library derived from drought-stressed Atriplex tissues was then differentially screened to identify clones of drought-inducible genes. First, plaques, each derived froma single bacterial host cell in the library and infected with a bacteriophage bearing a unique DNA insert, were produced. Second, replicate nylonmembranelifts oftheplaqueswere then treated withalkali to denature the DNA in situ, separating the strands of the duplex and allowing the DNA to hybridize with incoming homologous IllOl~C"l~% During differential screening, a radiolabelled cDNA copy of each of the entire mRNA populations of stressed and nonstressed shrubs was made in separate experiments (i.e., 'stressed'and 'nonstressed'probes).
When the filters are incubated with the 'stressed' probe, the majority of plaques hybridize with the probe. This is expected since the library was constructed from stressed poly A+ RNA. We thus obtain a radiolabelled 'print'of the position of the plaques on the original agar plate. When a replicate filter is incubated with the 'nonstressed' probe, many plaques hybridize with it and are seen as spots in identical positions on the filters. This result is obtained when the mRNA species corresponding to those plaques are present in both the stressed and the nonstressed plant. It should be stated that a number of genes are expressed at low levels and their mRNAs represent a very small fraction of the mRNA population.
The labelled probe derived from these rare mRNAs will not give a strong OT even detectable hybridization signal on the short (I2 hour) expression used here and therefore will not be detected in the screening process.
However, certain plaques do not hybridize with the nonstressed probe, indicating that the corresponding mRNA is absent from the nonstressed population. Therefore, the bacteriophage in the plaque must contain a cDNA copy of a shrub mRNA which is apparently induced under drought stress conditions. A number of drought-induced clones are shown in Figure 4 . In addition, a number of clones give signals with both probes, but of different intensities, which is consistent with quantitative changes in their mRNA; i.e., their expression is enhanced by the condition of drought stress. These are shown by circles in Figure 4 . A clone regulated in an inverse maune~ (lower expression under drought stress) is shown by a broken arrow. Because of the limited sensitivity of the screening, the terms 'induced' and 'enhanced' are somewhat artificial: prolonged exposure of a tilter can reveal a low level of expression under nonstressed conditions which is not apparent on short exposure. Such low levels of expression are more readily observed in Northern Analysis (Fig. 7) .
Plaques which gave strong hybridization signals with the stressed probe, but poor signals with the nonstressed probe ( Fig.  S) , were selected and purified. To confirm that we had picked up the correct plaque and that the different signals were not due to a misplaced filter excluding peripheral plaques or unequal DNA binding to the 2 filters, the screening was repeated using bacteriophage isolated from a single plaque (Fig. 5) . Inthis experiment, all plaques were identical. If we had isolated a single drought-induced clone, all the plaques on the filter should hybridize with the stressed probe, and there should be no hybridization with the nonstressed probe. This is what was observed in most cases (Fig. 5) . A number of 'false positives' which hybridized equally well to both probes were identified and eliminated from further consideration.
Fifteen independent clones were identified by this method and the cDNA inserts were isolated in plasmid form from the bacteriophage. Four of the clones (designated 3-1,8-2, IO-2 and 23-l) had cDNA inserts larger than I kilobase (data not shown); these were selected for further study. To confirm that this purified cDNA hybridized to the stressed an nonstressed probes in the expected pattern, these 4 DNA clones were digested with restriction enzyme Pvull, subjected to gel electrophoresis, and transferred to nylon membranes. Three of the clones did not hybridize with the noustressed probe (Fig. 6a ), but they did hybridize strongly with the stressed probe (Fig. 6b) . One clone (#l-3) whose pattern of expression was inversed (low expression under stress, high without stress) was also isolated (Fig. 6a) . This is the first report of identification of drought-induced DNA clones from fourwing saltbush. This strategy of differential screening thus permits the identification of clones of genes whose expression is induced or enhanced during drought. Theseclones werefurtherexamined by additional Northern Blot analyses. Poly A' RNA from plants at various degrees of drought stress were separated by electrophoresis on Formaldehyde-agarose gels, transferred to a nylon membrane, and then probed with cDNA inserts isolated from the clones. Figure 7 shows the results for 1 probe, for which we have assigned the number 8-2 for labeling and cataloging purposes. The radioactive probe from this clone binds specifically to its corresponding mRNA. Since the radioactive probe is present in excess, the intensity of signal is determined by the amount of that specific mRNA present in each sample and bound to the filter. For the probe tested, we see that the gene under examination is expressed to a higher degree in shrubs growing at lower water potentials (Fig. 7) . This result is consistent with earlier findings (Figs. 4,5,6 ) and confirms that this cDNA clone for a gene whose expression is induced under conditions of drought stress has been isolated.
Our objective in this study was to examine only field-grown shrubs. Leaves were harvested when different water potentials were reached. Although the sample materials are of different age, the quantity of specific RNA increases with the decreasing water potential of the plant (Fig. 7) . Therefore, it is unlikely that the graduated rise in mRNA level observed (Fig. 7) was the result of age difference among the shrubs sampled, but were indeed enhanced by drought. It is important to point out that this technique identifies genes whose expression is enhanced under droughtstress. The role of the gene products in metabolism and their contribution to plant survival under adverse conditions is not indicated but must be determined by further experimentation. Sometimes, homologies among these drought-induced clones from one can species be determined with clones from another species. For example, researchers have identified clones which correspond to poly A+ RNAs induced in wilted pisum sativum shoots (Guerrero and Mullet 1988) . These stress clones from Pisum could be used to determine homology with the stressed fourwing saltbush species. If this homology between Pisum and Atriplex was demonstrated, it would provide information about the commonality of a particular response among various plant species. If homology is not established between the species, it could indicate that the response observed and/ or the clones are perhaps unique to fourwing saltbush. This same approach can be used to determine if unique clones are associated with drought-tolerant and droughtsensitive ecotypes of Atriplex as described by other investigators using other criteria (Van Epps 1975 , McArthur et al. 1983 , Petersen et al. 1987 ).
This report indicates how molecular biology can be used to characterize drought responses of Atriplexat the basic, fundamental level of the gene. This is the first report of molecular characterization of drought-responsive genes in this important rangeland shrub. The results contribute to our understanding of drought responses at the molecular level in a native shrub species which is important to the rehabilitation of disturbed and harsh sites in the semiarid and arid rangelands of the world. This is one of many steps that in the future may provide a basis for understanding mechanisms of tolerance to drought in this valuable range species.
